Abstract The OPG/RANK/RANKL system has been implicated in the biological cascade of events initiated by particulate wear debris and bacterial infection resulting in periprosthetic bone loss around total hip arthroplasties (THA). Individual responses to such stimuli may be dictated by genetic variation caused by single nucleotide polymorphisms (SNPs). Case control study of the osteoprotegerin and RANK genes for possible association with deep sepsis or aseptic loosening. All patients were Caucasian and had had a cemented Charnley THA and polyethylene acetabular cup. Cases consisted of 91 patients with early aseptic loosening and 71 patients with deep infection. Controls were 150 clinically and radiologically well-fixed THAs. DNA samples were genotyped using Taqman allelic discrimination. The A allele (p<0.001) and genotype A/A (p<0.001) for the OPG-163 SNP were associated with aseptic failure. Additionally, the RANK + 575 (C/T SNP) T allele (p=0.004) and T/T genotype (p=0.008) frequencies were associated with aseptic failure. Comparing the septic group with the controls, the frequency of the A allele (p<0.001) and the genotype A/A (p<0.001) for the OPG-163 SNP were statistically significant. Aseptic loosening and deep infection of THA may be under the influence of susceptibility genes. SNP markers may serve as predictors of implant survival.
Résumé Le système OPG/RANK/RANKL est impliqué dans la cascade des événements initiés par les débris d'usure et l'infection, conduisant à l'ostéolyse périprothè-tique de la hanche. La réponse individuelle est peut-être génétique, à cause du polymorphisme des nucléotides 
Introduction
Total joint replacement is one of the most innovative, costeffective, and successful procedures in modern medicine. Function and mobility have been restored to millions since its advent over 30 years ago. The failure of total hip arthroplasty (THA) due either to aseptic loosening or deep bacterial infection is characterised by progressive bone loss and osteolysis [8] . The goal, in seeking a better understanding of the mechanism of osteolysis, is to reduce wearrelated complications after total joint arthroplasty. This goal can be approached by efforts to reduce particle generation and to inhibit the biological response to particulate debris. Susceptibility to osteolysis is probably due to a combination of environmental and genetic factors, as progression of loosening and osteolysis varies between individuals with apparently identical total joint replacements. Environmental factors include the design of pros-theses used, materials used, and surgical technique. These areas have been extensively studied and can explain the onset of osteolysis in certain situations [1] .
Analysis of periprosthetic material and experimental models of debris-induced osteolysis have implicated osteoclasts as being central to the development of osteolysis [1] . The differentiation and function of osteoclasts is tightly coupled to the bone-forming cells (osteoblasts) since formation of the osteoclasts is not possible without co-culture of osteoblasts and monocytes [22] . The method of coupling has been identified as the receptor/activator of nuclear factor-κβ, its ligand, and the osteoprotegerin (RANK/RANKL/OPG) system [4] . This system plays an important role in osteolysis associated with inflammatory arthritis and tumour-mediated bone loss [12, 13] . OPG decreases the level of osteoclast formation and may cause severe osteopetrosis [21] .
The RANK/RANKL/OPG system has been directly implicated in the development of osteolysis around THAs. In vitro experiments using cells retrieved from interface tissue demonstrated induction of RANK and RANKL mRNA by both wear particle and lipopolysaccharide endotoxin stimulation [9] . Activated cells in the interface membrane of failed THAs overproduce both RANKL and RANK [18] . The expression of RANK, RANKL, and OPG in the interface membrane of both aseptic and septic loosened THAs has implicated this system as being central to the mechanism of bone loss [6] .
OPG and RANK have been investigated as candidate genes for the development of diseases characterised by increased osteoclast activity, such as Paget's disease and osteoporosis [18, 23] . To investigate the association with osteolysis in aseptic and septic loosening of THAs, we chose to study three informative single nucleotide polymorphisms (SNPs) that, as demonstrated in previous studies [2, 17] , may have possible effects on gene function: an A/G SNP at position −163 in the promoter (OPG-163), a T/G SNP at position −245 in the promoter (OPG-245), and a G/C SNP at position +1181 in the first exon, which causes a shift in codon 3 from lysine to asparagine (OPG + 1181). Within the RANK gene comprising the promoter and 10 exons with surrounding intron sequences, a C/T SNP at position 575 (RANK +575) in exon 6 causes a shift in codon 2 from valine to alanine and as such may have a functional effect on the protein product and has also been included in our study [23] . Previous association studies have demonstrated positive findings between the presence of these SNPs and osteoporosis, and given the apparent central role of OPG/RANK in the development of periprosthetic osteolysis, we have used a case-control approach to examine the above proposed functional candidate SNPs for association with either aseptic or septic loosening of THAs.
Patients and methods

Patients
All patients were recruited from outpatient clinics between August 2002 and August 2004. Strict inclusion and exclusion criteria were set for the study groups (aseptically loosened or deeply infected THAs) and the control group (well-fixed implants) to make them directly comparable and to exclude possible biasing environmental risk factors. Only Caucasian patients of either sex with a primary diagnosis of osteoarthritis were included. All had a cemented Charnley monoblock femoral stem and either a cemented Charnley or Ogee flanged polyethylene acetabular cup. All patients with hip joint degeneration due to secondary causes and inflammatory or septic arthritis were excluded.
The aseptic study group consisted of subjects who had early loosening of prosthetic implants. Early aseptic loosening for both components was defined as that occurring within six years of implantation in line with the yearly incidence of loosening in relation to the evolution of the Charnley low-friction arthroplasty [19] . Only prostheses with no evidence of malposition and complete cement mantles were included. None had clinical, haematological, biochemical, microbiological, or operative findings suggestive of infection at the time of revision surgery. Femoral stem aseptic loosening was defined either by findings at revision surgery, the definite radiographic loosening criteria of Harris et al. [8] , or progressive endosteal cavitation across zones as described by Gruen et al. [7] . Demarcation of acetabular components was recorded as per the zones described by DeLee and Charnley [5] , and loosening was confirmed either at the time of revision surgery or by using the criteria of Hodgkinson et al. [10] .
Well-fixed control THAs were defined as those that had remained clinically asymptomatic for over ten years and demonstrated none of the described radiographic features of aseptic loosening as described above or any "at risk" signs as described by Wroblewski et al. [19] .
The septic (deep infection) group consisted of subjects who had developed proven deep bacterial infection of a THA at the time of revision surgery.
In total, 312 successive patients were recruited into the trial (150 controls, 91 aseptic cases, and 71 septic cases). The mean age of all patients was 68.6 years (70.9 in the control group, 66.2 in the aseptic group, and 68.7 in the septic group) with a range of 29-92 and SD of 7.8. In total, 163 women and 149 men were recruited. The differences in age and gender between the groups were not statistically significant.
Average length of survival for controls was 14.6 years. Average time to aseptic loosening was 5.1 years. Average time to first diagnosis of infection (either clinical or radiological) was 0.83 years. The infecting organism was a coagulase-negative staphylococcus in 69%, Staphylococcus aureus in 14%, streptococcus in 6%, E. coli in 6%, and other bacteria in 5%.
DNA extraction
Five milliliters of peripheral venous blood was collected into EDTA bottles from each subject by a standard venesection technique and was stored at -20ºC. DNA was extracted from pelleted white blood cells using phenol and ethanol. Concentrations of DNA were measured using a PicoGreen assay technique and diluted to 20 ng/μl with sterile water.
Genotyping
All SNPs were ABI typed using a TaqMan allelic discrimination assay developed for use on the 7,700 instrument (PE/Applied Biosystems, USA). For the OPG-163, OPG-245, and RANK+575 SNPs, assay-by-design Taqman assay reagent kits containing one pair of polymerase chain reaction (PCR) primers and one pair of fluorescently labeled Taqman probes were used (Applied Biosystems, CA, USA).
PCR was performed in 5-μl reaction volumes in 96 well plates and contained 10 ng genomic DNA per reaction. The standard protocol provided with the kit was followed. Thermocycler conditions were an initial 10-min denaturation at 95°C followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Available primer sequences for PCR were as follows: OPG-163-Forward GGACCACACTTTA CAAGTCATCAAG/Reverse TGCTCTAGGGTTCGCTG TCT; OPG-245-Forward ACCCTAGAGCAAAGTGCC AAACT/Reverse AGGGCTATTGGTATCGGAGCTT; R ANK+575-Forward AGAGTAGAACATCATGGGAC AGAGA/Reverse GTGGTTTTCTAGCTGGCAGAGA.
Probe sequences for each SNP were as follows: OPG-163 (RS3102725)-VIC-CCCCATTAATTCCCT-MGBNF Q/6FAM-CCCATCAATTCCCT-MGBNFQ; OPG-245 (R S2073617)-VIC-CTTCTGGAGTAGCCTC-MGBNFQ/6F AM-CTTCTGGAGTCGCCT-MGBNFQ; RANK+575-VIC-AACTGCAAACCGCATCG-MGBNFQ/6FAM-AA CTGCAAACCACATCG-MGBNFQ. For the OPG+1181 SNP (RS2073618), an assay-by-demand (Applied Biosystems reference number C_1971047_1) was used, details of which can be found at the company Web site [14] . The RS number is used as a means of integration with other National Center for Biotechnology Information (NCBI) sources for use in their publicly accessible Webbased database (http://www.ncbi.nlm.nih.gov/).
Reporter fluorescence emission was detected by an AB7700 fluorescent plate reader using Sequence Detection Software (Applied Biosystems, USA) for allele calling.
Statistical analysis
For each SNP the STATA 8.0 statistical analysis program (STATA Corporation, Texas, USA) was used to calculate the distribution of allele frequencies between subjects and controls and compared using the chi-square test. Odds ratio (OR) and 95% confidence intervals (CI) were also calculated. Based on published allele frequencies, an OR of 2, and 80% power with a 5% significance level, the numbers recruited were adequate.
Results
Genotype frequency distributions were in Hardy-Weinberg equilibrium for all four SNPs in cases and controls. Allele and genotype frequencies for controls and aseptic and septic failures are given in Table 1 .
The frequency of the A allele (p=0.001, OR=3.76, 95% CI 2.31-6.11) and homozygous genotype A/A (p=0.001) for the OPG-163 SNP were highly associated with aseptic failure compared with the controls. Additionally, the RANK+575 C/T SNP T allele (p=0.004, OR=1.77, 95% CI=1.20-2.59 ) and T/T genotype (p=0.008) frequencies were associated with aseptic failure. No statistically significant relationship was found between aseptic loosening and the OPG-245 or OPG+1181 SNPs. With regard to the septic group compared with the controls, the frequency of the A allele (p=0.001, OR=3.42, 95% CI=1.98-5.91) and homozygous genotype A/A (p=0.001) for the OPG-163 SNP were statistically significant. No statistically significant relationship was found between septic failure and the OPG-245, OPG+1181, or RANK+575 SNPs.
Discussion
Genetic and functional experiments by numerous groups indicate that the balance between RANKL-RANK signalling and the levels of biologically active OPG regulate development and activation of osteoclasts and bone metabolism [9, 12, 17] . Inhibition or increase in bone resorption via osteoclasts occurs via regulation of RANK/ RANKL and OPG. Numerous cytokines have been associated with the pro-inflammatory cascade that is thought to be induced by wear particles or bacterial infection and that ultimately leads to periprosthetic bone loss [15] . The RANK/RANKL/OPG system is a potential candidate gene system because it is the final common pathway by which these cytokines mediate their effects on bone metabolism, making this system an attractive target for the prevention of pathological bone loss [20] .
RANKL is expressed on the surface of osteoblasts and directly stimulates the differentiation of osteoclast progenitor cells into osteoclasts. This signalling is mediated via the binding of RANKL to RANK, which is expressed on the surface of precursors of osteoclasts and mature osteoclasts. OPG negatively regulates RANKL signalling and blocks osteoclast differentiation by acting as a soluble decoy receptor to RANKL and competes with RANK for RANKL binding [12] .
Langdahl et al. [16] and Arko et al. [2] examined the promoter and the five exons with surrounding intron sequences of the OPG gene for SNPs and found 12, of which two sets of four and five were in complete linkage.
In this study we have attempted to investigate whether proposed functional polymorphisms in the OPG and RANK genes are associated with failure of THA. The OPG promoter SNPs could influence transcription and thus the level of OPG protein produced, and the RANK SNP could affect the function of the protein product. Both the OPG-163 and RANK+575 SNPs are significantly associated with aseptic failure, and the OPG-163 SNP was significantly associated with a deep infection. It would appear that there is a strong relationship between the A allele and osteolysis due to both aseptic and septic failure. It is perhaps not surprising that both types of failure have such an association given that although the initial stimuli are different, the clinical phenotype is similar in the type and extent of bone loss.
Association studies can be very useful in elucidating the relationship between complex disease phenotype and a specific genotype. However, they have a number of caveats such as small sample size, population stratification, and linkage disequilibrium. We have managed to collect a large number of study and control cases with approximately twice as many controls as study subjects in the aseptic group. Slightly fewer septic cases were recruited, which probably represents its lower prevalence.
Stringent recruitment criteria were employed in an attempt to avoid population stratification. Only patients with the same diagnosis, of the same ethnicity, and with the same implant and method of implantation were recruited. The distinction between controls and study subjects was done by using strict clinical and radiological criteria.
In this study we looked only at variation within the OPG and RANK genes. The biological effects of OPG are antagonistic to RANKL, as it acts as a decoy molecule. It is the ratio of RANKL to OPG that regulates osteoclast survival, differentiation, and activity. It will be important in the future to assess the effect of polymorphisms in the RANKL gene and compare OPG/RANKL/RANK haplotypes to gain a fuller picture of the effect of variation in the whole of this system.
The discovery of putative genetic effects on the survival of THAs represents a novel method of investigating the basic science behind prosthetic failure and a potential answer to the common scenario of such failure, which cannot be explained by mechanical, technical, or environmental factors. Any such genetic component is likely to be complex in nature and dependent upon numerous gene pathways. It is known that other systemic and local factors can modulate expression of OPG and RANKL and thus have an effect upon osteoclast activity and bone resorption. Such factors include interleukin-1, tumor necrosis factoralpha, bone morphogenic protein-2, and prostaglandin E2 [11] . The identification of these new pathogenetic mechanisms of total hip replacement failure make new indicators of disease susceptibility and prognosis plus new drug targets direct possibilities. The possibility of attenuating the biological response to the development of aseptic loosening or deep infection around THAs remains a goal. One group has produced promising results using soluble RANK:Fc (a molecule that blocks RANK), which suggests that such a blockade may prevent or ameliorate wear debris-induced osteolysis by osteoclast depletion without inhibiting osteogenesis [3] .
